pristine and plasma-treated PI sheets showed different responses against argon (Ar), oxygen (O 2 ), and nitrogen (N 2 ) as the plasma process gases. Overall, hydrophilicity of treated PI surfaces was enhanced, and its surface free energy increased from 53 dyn/cm to at least 73 dyn/ cm. Surface roughness values also increased from 1.3 to 40.8 nm, as demonstrated by atomic force microscopy analyses. Infrared spectral analyses showed a decrease of imide functional group peak intensities on plasma exposure, corresponding to chemical surface structural liferation compared to pristine samples. N 2 -containing plasma exhibited the greatest increase among the test gases, due to the possible inclusion of N 2 -based functional groups that enhance
I. INTRODUCTION
high chemical resistance, and low dielectric constant. 1,2 Thus, PIs are useful for industrial applications such as microelectronics 3, 4 that include wire insulation, liners, and substrates. In addition to their excellent physical properties and ability to be sterilized, PIs have been determined to elicit no cytotoxic response and low hemolysis, 5 making them ideal for biomedical applications. Recent work includes the use of PIs as biosensor encapsulants and substrates for neural implants, 6 regenerative-medicine applications, 7 cellculture applications, 8 and other implantable electronic sensor and stimulation systems. 9 PIs, although demonstrated to be biocompatible, still lack cell-interactive properties that would make them appropriate for tissue-repair applications. 7 PI substrates therefore need surface treatment techniques, plasma-based treatment has been used to improve biomo-10-12 and adhesion of different materials. 13 This dry process is quick, does not affect the bulk properties of the substrates, and does not pro-duce toxic by-products. Plasma discharge provides a mixture of neutrals, ions, electrons, radicals, metastables, and ultraviolet radiation, making it a versatile process for tailoring properties of polymeric materials that are located a few nanometers from the surface. By varying gas composition and operating parameters such as incident power, exposure
The present work explores the biochemical response of pristine and plasma-treated PI substrates. Degreased substrates were subjected to a 13.56-MHz radio-frequency (RF) plasma discharge at subatmospheric pressures using different process gases. After plasma treatment, physical and chemical changes of the substrates were compared to untreated samples. Cell-adhesion and -proliferation properties were also examined us-
II. EXPERIMENTAL DETAILS

A. Surface Preparation and Characterization
Commercially available PI (Kapton, The Nilaco Corp.; Tokyo, Japan), with a thickness of 0.05 mm, was cut into 1-cm squares. The substrates, degreased through subsequent sonication in acetone, ethanol, and water baths for 10 min each, were blow-dried using nitrogen gas. Immediately after degreasing, the samples were transported in ambient glass bell jar with a diameter of 165 mm and height of 170 mm. The chamber was termidistance between electrode and gas outlet was ~55 mm. Details of the plasma system can be found in Cagomoc and Vasquez. 14 The system was evacuated by a rotary pump to ~8 Pa before the working gas was introduced through a needle valve. We used argon (Ar),
FIG. 1:
Image of PI sheets undergoing plasma treatment nitrogen (N 2 ), and oxygen (O 2 ) gases. Operating pressure was maintained at 100 Pa for all experiments, and exposure time was set to 30 min. Plasma was excited by capacitively coupled 13.56-MHz RF power, with a manual matching circuit that minimized the the samples were wrapped in aluminum foil for sterilization, which was conducted in a After sterilization, samples were cooled and prepared for biocompatibility experiments.
We used atomic force microscopy (AFM) for topographic analyses of untreated and plasma-treated PI substrates using XE-Bio AFM (Park Systems; Suwon, Korea) under an intermittent mode. Silicon-and aluminum-coated cantilevers (PPP-NCHR, 10 M; Park Systems Inc.; Suwon, Korea) were used that had a typical spring constant of 42 N/m -1 . Surface free energy (SFE) was determined from the Owens-Wendt equation 15 test liquids as follows:
,
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B. Cell Adhesion and Proliferation
Cell Culture and Seeding of Substrates
medium (DMEM; Millipore Sigma; St. Louis, MO) that was supplemented with 10% -2 humidat 15,000 cells per well. Cell-attachment and proliferation assays were then performed on days 1 and 3 after seeding.
Cell-Attachment Assays
Cell adhesion on plasma-treated PI substrates was assessed using the LIVE/DEAD Viability/Cytotoxicity Assay Kit (Molecular Probes/Invitrogen; Carlsbad, CA). Substrates M M ethidium homodimer (EthD-1)
using ImageJ software. 16 Polystyrene tissue-culture (TC) dishes served as a positive control, and pristine substrates served as a negative control.
Cell-Proliferation Assays
Cell proliferation on plasma-treated PI substrates was evaluated using PrestoBlue (Molecular Probes/Invitrogen; Carlsbad, CA), a reagent that is reduced by metabolically active cells. The substrates seeded with HGF-1 were incubated with PrestoBlue, after -ity. Polystyrene TC dishes served as positive control and pristine substrates as negative
III. RESULTS AND DISCUSSION
A. Physico-Chemical Analyses of Surfaces
One of the major surface parameters that determine cell-material interaction is surface hydrophilicity. It has been demonstrated that cell-adhesion proteins show better binding to hydrophilic surfaces than to hydrophobic surfaces, leading to more effective cell attachment on hydrophilic materials. 17 cantly improved after plasma treatment, with Ar plasma having a noteworthy increase in O 2 , and N 2 plasma treatment, respectively. Correspondingly, SFE also increased for all tions in surface morphology and chemistry, analyses of PI substrates were conducted via AFM and FTIR spectroscopy to determine the effect of plasma treatment on these surface parameters. Figure 3 (a)-(d) show representative 2 × 2-m 2 AFM images of pristine and plasmatreated substrates and their corresponding root-mean-square (RMS) roughness. It is evident from the images that plasma treatment of PI substrates resulted in variations in for pristine samples to 9.8, 14.6, and 40.8 nm for Ar, O 2 , and N 2 plasma-treated samples, respectively [ Fig. 3(e) ]. These physical changes may be attributed to plasma energetic particles impinging on the PI substrate, thereby etching its surface. Reactive gases in the discharge such as O 2 and N 2 also contributed to the increase in roughness through attachment of functional groups on the surface.
FTIR spectral analyses of pristine and treated samples are shown in Fig. 4 (FTIR spectrum images). Figure 4(a) shows typical IR absorption spectra of pristine and -1 (C=O asymmetrical stretch), 1715 cm -1 (C=O symmetrical stretch), 1375 cm -1 (C-N stretch), and 720 cm -1 (C=O bending). We used these peaks that were relevant to the chemical structure of PIs to evaluate changes in IR peaks of plasma-treated surfaces. After reviewing the difference in FTIR spectra of plasma-treated samples [ Fig. 4(b) ], we observed a decrease in intensity of the imide functional groups. This decrease indicates changes in surface chemical properties such as the reduction of imide functional groups, although the degree of chemical change is challenging to determine from the spectra. This difthe number of detected signals using FTIR spectroscopy was less than the actual amount (detection of chemical changes may be improved with X-ray photoelectron spectroscopy). Although FTIR spectral analyses were unable to identify additional functional groups on the treated surfaces, attachment of functional groups on the PI surfaces cannot be discounted, because reactive species are present in the N 2 and O 2 plasma.
B. Biocompatibility Assays
Effects of PI surface plasma treatment on cell behavior were investigated for 3 d using grown on pristine and plasma-treated PI. Moreover, their morphologies were similar to cells grown on TC dishes, demonstrating that plasma treatment of PI is not cytotoxic to - 
IV. CONCLUSIONS
Improving directed cell responses to biofunctionalized interfaces requires the ability to tune surface properties for desired cell adhesion and subsequent proliferation. Plasmatreated PI surfaces exhibited improvements in terms of cell attachment as well as proliferation in comparison to untreated surfaces. Among the three gas species used, N 2 plasmacell seeding, compared to that of untreated samples. This may be attributed to the possible nitrogen-containing functional groups on the surface that further enhance cell adhesion and proliferation. Surface functionalization using N 2 plasma must be conducted to further clarify the mechanisms of action between the cell and polymer substrate interactions.
